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I N  'IRODUCTION 

The development o f  new high-energy hydrocarbon fue l s  fo r  use i n  a i r - b r e a t h i n a  

tn iss i les  has been t h e  o b j e c t i v e  o f  a number of  i n v e s t i g a t i o n s  which have rece ived  support 

dur ing  the  pas t  decade th rough Drograns SDOnSored b y  the  A i r  Force  Yysteins Cnmmand'" 

and/or the  Naval A i r  Systems C ~ m m a n d . ~ - ~  The key i h a r a c t e r s t i c s  which must be met by  

n o t e n t i a l  c r u i s e  m i s s i l e  fue l s  have been descr ibed h.v Rurdet te  and coworkers.6 P primar.v 

reouirement i n  t h i s  regard  i s  t h a t  cand ida te  f u e l s  must possess h i g h  n e t  vo lumet r i c  heat 

of combust ion ( p r e f e r a b l y  q r e a t e r  than 160,flOO RTWgal lon)  .' I n  o rde r  t o  meet the  pr imary 

requirement o f  h i g h  net vo lumet r i c  heat o f  combustion, h.vdrocarbon svstems, Cntlm, have 

been souqht t h a t  maximize the  r a t i o  n/m. Rr idged r i n g  ( p o l v c y c l i c )  h.vdrocarbon systems, by 

v i r t u e  o f  t h e i r  h i g h  d e n s i t i e s  (concomitant w i t h  t h e i r  cnmpact s t r u c t i i r e s ) ,  a re  

p a r t i c u l a r l y  p romis ing  cand ida te  fue l s .  Compounds of t h i s  t.voe a1read.v have been u t i l i z e d  

ex tens i ve l y  as f u e l s  f o r  a i r -b rea th ina  m i s s i l e s .  

I n  the  e a r l y  stages o f  ou r  studv, one-pound samples o f  two pa r t i cu la r1 .v  p romis ing  

fuel candidates,  1 ( heptacyc 1 o[ 6.6 .U .n2y6 .03' l3 .n4"l .05 79  .do ,I4] tetradecane, HCTU) and 2 

( p e n t a c y c l o ~ 5 . 4 . 0 . 0 2 ~ ~ . ~ ~ ~ 1 " . n s ~ q l u n d e c a n e ,  PCUO, s t ruc tu res  shown i n  Scheme 1 )  were 

synthesized. Roth 1 and 2 disp1a.v h igh  d e n s i t i e s  (1.26 and 1.23 g - ~ m - ~ ,  r e s p e c t i v e l y ) .  The 

performance o f  each compound as a ramje t  f u e l  has been eva lua ted  b v  personnel  a t  t he  Naval 

Weapons Center.7 In  add i t i on ,  severa l  d e r i v a t i v p s  of l8 and o f  Z9-11 have been s.vnthesized 
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ill our  l aho ra to ry .  

Scheme 1 

I (HCTDI 

One d i f f i c u 1 t . y  a t tendant  w i t h  the  use o f  bo th  HCm and PCUI) as f u e l s  i s  t h e i r  

v o l a t i l i t y .  A l tho i igh  they  are bo th  h igh-mel t inn  so l i ds ,  bo th  h,ydrocarbons sub l ime r e a d i l y  

and can escape from the  b inde r  ( e . g . ,  hvdroxv- te rmina ted  pol,ybutadipne, HTPR) on long 

standino a t  ainhient teirlperature. I n  an e f f o r t  t o  min imize  the  v o l a t i l i t v  o f  theqe s.vstems 

(dnd thereby  t o  improve t h e i r  combustion and storaqe c h a r a c t e r i s t i c s )  w i t h c u t  s a c r i f i c i n g  

o ther  d e s i r a h l e  f u e l  p roper t i es ,  we have undertaken the  svn thes is  o f  HCTD and ?CUD 

ol igo,ners.  We now r e o o r t  on t h e  s y i t h e s i s  of  soine i somer ic  C2?H2* alkenes ob ta ined v i a  

t i tanium-sroinoted reduc t i ve  d imer iza t ion ' '  o f  p o l y c v c l i c  cane rllH2"0 ketnnes and some 

asoects o f  t h e  che in is t rv  o f  t he  alkene dimers thereby  obtained. 

RESULTS & DISCUSSION 

CZ2Hz4 Alkene Dimers Derived fran PCUD-8-one. Our syn thes is  o f  PClJn a lkene dimers, 

ob ta ined v i a  r e a c t i o n  o f  low-va len t  t i t a n i u m  w i t h  PCIUD-8-one ( 3 ) ,  i s  shown i n  Scheme 7. 

Four diiners p o t e n t i a l l y  can r e s u l t  f rom t h i s  reac t i on ,  each o f  which !)assesses a two fo ld  

symmetry e l e w n t  ( c . g . ,  m i r r o r  plane, C2 ax is ,  o r  cen te r  o f  synnietry) .  I n  our  hands, 

t i tanium-orornoted r e d u c t i v e  d imer i za t i on  o f  3 a f fo rded  3 m i x t u r e  o f  diiners, 4a-4d, as 

expected. Care fu l  f r a c t i o n a l  r e c r y s t a l l i z a t i o n  o f  t h i s  m ix tu re  from hexane a f fo rded  a 

s i n g l e  isomer, 4a, mn 214-715 OC, whose s t r u c t u r e  was determined v i a  s i n s l e  c r y s t a l  X-ray 

s t r u c t u r a l  a i1alysis. l '  Pa r t i cu la r1 .v  noteworthy i s  t he  unusua l l y  h iqh  cr.vsta1 densit?, o f  

4a, i .e. ,  1.284 g-cm" ( c a l c u l a t e d  from the  X-rav da ta) .13  

94 7 



Scheme 2 

S t r u c t u r e  drawing o f  4a 

4a 4b 4c 4d 

Subseouently, t h e  remaining th ree  isomers ( i  . e ,  4b-4d) were i s o l a t e d  by  a combination 

o f  column chromatographic technioues and f r a c t i o n a l  r e c r y s t a l l i z a t i o n .  U l t i m a t e l y ,  we hope 

t o  o b t a i n  X-ray da ta  t h a t  w i l l  pe rm i t  unequivocal  c h a r a c t e r i z a t i o n  o f  each o f  t h e  th ree  

remaining PCUD d imers .  

Recent ly,  a s tudy  was undertaken o f  e l e c t r o p h i l i c  add i t i ons  t o  these PCUD dimers 

( i n d i v i d u a l l y  and i n  the  gross m i x t u r e  o f  f o u r  dimers t h a t  r e s u l t s  v i a  t i tanium-promoted 

d imer i za t i on  o f  PCUD-8-one). This was done f o r  severa l  reasons: F i r s t ,  i t  was o f  i n t e r e s t  

t o  determine whether s t r u c t u r a l  d i f f e r e n c e s  among the  var ious  dimers would l ead  t o  

d i f f e rences  i n  r e a c t i v i t y  toward t h e  e l e c t r o p h i l i c  reagent,  HX.  I f  t h i s  i s  indeed the  

case, t hen  i t  may be p o s s i b l e  t o  separate one o r  p o s s i b l y  two o f  t h e  dimers from t h e  

m ix tu re  b y  t a k i n g  advantage o f  these d i f f e r e n t i a l  r e a c t i v i t i e s .  Secondly, we a n t i c i p a t e d  

t h a t  Wagner-Meerwein rearrangements migh t  occur i n  carbonium i o n  in te rmed ia tes ,  thereby  

lead ing  t o  t h e  fo rma t ion  o f  i n t e r e s t i n g  new C2* compounds t h a t  a re  no t  e a s i l y  accessed v i a  

d i r e c t ,  t i tan ium-promoted d imer i za t i on  reac t i ons .  F i n a l l y ,  we a re  i n t e r e s t e d  i n  

determin ing  whether o r  n o t  s t r u c t u r a l  d i f f e r e n c e s  among thc va r ious  PCUO dimers might 
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a f f e c t  t he  mode o f  a d d i t i o n  (SJ-I vs. G) o f  HX across t i le  C=C double bond o f  each dimer.  

The r e s u l t s  o f  e l e c t r o p h i l i c  a d d i t i o n  of t r i f l u o r o a c e t i c  a c i d  t o  a m i x t u r e  o f  t h e  

fou r  PCUn dimers (Scheme 2)  are shown i n  Scheme 3. When the  r e a c t i o n  With CF3C07H was 

performed a t  room teintwrature i n  ch lo ro fo rm so lven t ,  a mixtccre o f  t r i f l u o r o a c e t a t e  

adducts (5a and 5b) 

(16.7%). The m i x t u r e  o f  5a and 5b was then sub jec ted  t o  hyd ro l ys i s  w i t h  aaueoiis base, 

thereb.v a f f o r d i n g  a m ix tu re  o f  a lcoho ls ,  6a and 6b. The r e s u l t i n g  m i x t u r e  o f  a l coho ls  was 

ox id i zed  subseauent ly b.y us inp  py r id i r l i um chlorochromate (PCC)  i n  methylene c h l o r i d e  

so lvent .  The product was found t o  be a m ix t i i r e  o f  two isolner ic ketones, 7a and 7b, which 

cou ld  be separated b y  f l a s h  column chroflatography. The s t ruc tu res  o f  7a and 7b each have 

been es tab l i shed  unequ ivoca l l y  by s i n g l e  c r y s t a l  X-ray s t r u c t u r a l  ana lys i s .  

was formed ( 6 W )  along w i t h  a m i x t u r e  o f  two unreac ted  PCUO dimers 

14 

Subsequently, t h e  unreacted dimer ( recovered from the  above reac t i on ;  m i x t u r e  o f  t w o  

isomers) was t r e a t e d  w i t h  t r i f l u o r o a c e t i c  a c i d  i n  r e f l u x i n q  chloroform. A d d i t i o n  o f  

t r i f l u o r o a c e t i c  ac id  t o  t h e  C-C double bond i n  the  m i x t u r e  of dimers occur red  under these 

cond i t ions .  Rasic h y d r o l y s i s  o f  t he  t r i f l u o r o a c e t a t e  adduct fo l lowed hy  o x i d a t i o n  w i t h  PCC 

again a f fo rded  a m i x t u r e  o f  7a and 7b. 

Recent ly,  we have s tud ied  the  Wolf f -Kishner reduc t i on  o f  i s o m e r i c a l l v  Dure ketones 7a 

ar?d 7b. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  t h a t  t he  hydrocarhons thereby  ob ta ined d i f f e r  

s u b s t a n t i a l l y  i n  m e l t i n g  p o i n t .  The product o f  b b l f f - K i s h n e r  reduc t i on  of  7a ( i . ? . ,  Ea) 

d isp lays  mp 114-115 OC, whereas the  corresnonding produc t  ob ta ined hy Wol f f -K ishner  

reduc t ion  o f  7b ( i .e. ,  8b) d i s p l a y s  mp 74-75 OC. The s t r u c t u r e  o f  8a has been determined 

by  X-ray c r y s t a l l o g r a p h i c  methods (Scheme 4); the c a l u l a t e d  c r y s t a l  d e n s i t y  of 8a was 

found t o  be 1.290 ~ j - c m - ~ . ' ~  
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Scheme 4 

Structure drawing o f  8a 

C22H24 Alkene Dimers Derived from 03-Trishanocubanone. As an extension of the 

foregoing study, alkene dimers have Seen synthesized via titanium-promoted reductive 

dimerization of the b3-trishomocubanone ( 9 ) .  In this case, only two dimers ri.e., 10a 

(9) and 10b (d,l)] can result From this reaction (Scheme 5 ) .  Indeed, a 1:l mixture of 

10a and 10b was obtained from this reaction. Careful fractional recrystallization of the 

mixture o f  dimers thereb.v obtained from ligroin afforded a single isomer, mp 746 O C .  This 

dimer was shown to p o s s ~ s s  the confipuration (i.e., loa) by sinqle crystal X-ray 

structral analysis.16 Of particular significance is the unusually high calculated crystal 

density of loa, i.e., 1.307 g-~rn-~. 

More recently, the correspondinq d,l dimer, lob, mp 156 O C ,  has heen isolated, and 

its structure has been determined h,y X-ray cr.vstallooraphic nethods (Scheme 5 ) .  

Interestinqly, the calculated crystal density o f  10b (1.269 

than that o f  10a.16 

is sianificantly lower 

Two important results of that have einerqed from the studies described above are 
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Scheme 5 

DIUERS DERIVED FRDU D 3 - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

S t r u c t u r e  d r a w i n g  
o f  10a 

S t r u c t u r e  d r a w i n g  
o f  10b 

9 

h 
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noteworthy.  F i r s t ,  t he  c a l c u l a t e d  c r y s t a l  d e n s i t i e s  o f  PCIJn dimer 4a, o f  t h e  rear ranged 

cage hydrocarbon 8a, and o f  10a and 10b ( i . e . ,  1.284, 1.290, 1.302. and 1.269 

respec t i ve l y )  rank among t h e  h ighes t  known hydrocarbon dens i t i es ;  [compare these va lues  

w i t h  the  d e n s i t i e s  o f  cubane (1.29 g - ~ r n - ~ )  ,17 1,16-dimethyldodecahedrane (1.412 g-cm- ) 

and dodecahedrane (1.448 g-cm-' ) 

3 18 

3 19 I .  
Second, i t  i s  impor tan t  t o  no te  t h a t  a l l  o f  t h e  th ree  d imer i c  alkenes, i.e., 4a, loa ,  

and lob, whose X-ray c r y s t a l  s t ruc tu res  have been determined thus f a r  i n  ou r  stud.v, a re  

a l l  C22H24 isomers t h a t  possess d i s t i n c t l y  d i f f e r e n t  c r y s t a l  d e n s i t i e s .  Any of t h e  

e x i s t i n a  c a l c u l a t i o n a l  methods t h a t  are used t o  es t imate  c r y s t a l  d e n s i t i e s  a re  based upon 

molecu la r  fo r lnu la  and f u n c t i o n a l  group a d d i t i v i t . v  and t h e r e f o r e  are  incapab le  o f  

p r e d i c t i n g  v a r i a t i o n s  i n  d e n s i t i e s  among geometr ic isoaers.2" Hence, c o n t r a r y  t o  the  X-ray 
1 

I 
I c r y s t a l l o g r a p h i c  r e s u l t s  c i t e d  above, o f  our C22H24 isomers are  a r e d i c t e d  b y  any o f  
', 

these inethods t o  possess t h e  same dens i t y .  

S U W Y  8 CONCLUSIONS 

Our e f f o r t s  t o  syn thes ize  ol igomers o f  s t r a i n e d  p o l c y c l i c  cage monomers have r e s u l t e d  

i n  the  syn thes i s  o f  novel  cage alkene dimers 4a-4d, 10a and lob, along w i t h  d e r i v a t i v e s  o f  

these systems. These dimers possess unusua l l y  h igh  c r y s t a l  d e n s i t i e s  and a re  r e l a t i v e l y  

nonvo la t i l e ;  bo th  p r o p e r t i e s  a re  considered t o  be d e s i r a b l e  for new cand ida te  f u e l  

systems. The e l e c t r o p h i l i c  a d d i t i o n  o f  t r i f l u o r o a c e t i c  a c i d  t o  a m i x t u r e  o f  PCUD alkene 

dimers, 4a-4d, has been studied, and several  r e a c t i o n  produc ts  have been cha rac te r i zed  b y  

s i n g l e  c r y s t a l  X-ray s t r u c t u r a l  ana lys is .  Fu ture  s tud ies  w i l l  be d i r e c t e d  toward: ( i )  t h e  

syn thes is  o f  o l igomers o f  HCTD (1 )  and ( i i )  s tud ies  o f  reac t i ons  o f  10a and 10b w i t h  a 

v a r i e t y  of  e l  ec t roph i  1 es . 
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